Thermal energy storage technology plays a crucial role in the thermal management system. Clay based organic phase change material has considerable advantages in the application of thermal energy storage due to low cost and high energy storage capacity. However, the low thermal conductivity of clay, especially poor interfacial thermal transfer, limits its thermal energy storage efficiency. Herein, stearic acid/reduced graphene oxide modified montmorillonite composites (SA/RGO-MMT) were prepared by the vacuum impregnation of stearic acid into graphene modified montmorillonite matrix, which was obtained via the in situ reduction of graphene oxide on the surface of montmorillonite. Stearic acid is assembled in the porous structures of RGO-MMT with the physical interactions. SA/RGO-MMT possesses high melting enthalpy of 159 J/g, low extent of supercooling of 1.4 oC and excellent thermal reliability after 100 thermal cycling. Energy storage and release rates of SA/RGO-MMT were significantly improved due to the enhanced interfacial thermal transfer by graphene. Therefore, SA/RGO-MMT is a promising form-stable phase change material for applications in solar heat storage fields. The strategy in this study highlights the importance of enhancing interfacial thermal transfer for the efficient thermal energy storage materials.
Background
In the past decade, thermal management has become emerging subject and attracted tremendous attention form fundamental research and industrial applications [1] . As part of thermal management systems, thermal energy storage technology has received significant interest due to its crucial role in the solar thermal technology and building energy conservation [2] . Phase change material (PCM) could store and release thermal energy through a phase change process (such as melting and solidification) at a relatively stable temperature, which makes it a kind of promising thermal energy storage material [3, 4] .
Among a variety of PCM, organic phase change materials, such as fatty acid, paraffin wax, alkane and polyethylene glycol demonstrate great advantages due to nontoxicity [5] , reusability [6] , high thermal storage capacity [7] , small temperature and volume change during energy storage and release processes [8] . However, the efficient energy storage and release applications of organic phase change materials are restricted by their poor mechanical stability and low thermal conductivity, which could lead to potential leakage risk and low energy storage rate during phase change process. An effective solution is constructing form-stable phase change material via loading organics into various supporting materials [9] , such as graphene [10] , carbon nanotube [11] , mesoporous silica [12, 13] and porous minerals [14] .
As one of abundant clay mineral, montmorillonite (MMT) possesses natural 2D lamellar morphology, of which structural unit layers consist two SiO 4 tetrahedral sheets and a central AlO 4 (OH) 2 octahedral sheet [15] [16] [17] . It is a promising supporting material for loading organic phase change materials due to its plentiful porous structure [18] , high surface area [19] , appropriate surface property [20] and lower cost [21] [22] [23] [24] . Yi Wang et al [25] prepared two kinds of activated montmorillonite based phase change materials via melting impregnation method, which contain 47.5wt.% and 46.9 wt.% stearic acid and has relatively reliable thermal stability. However, the low thermal conductivity of MMT, especially poor interfacial thermal transfer, limits the thermal energy storage rate of montmorillonite based phase change materials.
Graphite, as a natural non-metallic mineral, has relativity high thermal conductivity, which could be utilized as supporting material for phase change material independently and cooperatively [26] . Su-Gwang Jeong et al [27] used sodium montmorillonite and exfoliated graphite as the supporting material to prepare shaped stabilized phase change material via a vacuum impregnation method, which could improve the thermal conductivity and prevent leakage of phase change material. However, graphite might not be distributed uniformly by mixing simply montmorillonite and graphite with organics, and the interfacial thermal transfer between montmorillonite and organics could be bottleneck for a heat transfer. Graphene with extremely high thermal conductivity (5150 W m − 1 K − 1 ) [28, 29] might be an ideal material to enhance thermal transfer efficiency of montmorillonite based phase change materials [30, 31] . Therefore, surface of montmorillonite could be modified by graphene, which might enhance interfacial thermal transfer between montmorillonite and organics.
In this study, we prepared reduced graphene oxide modified montmorillonite (RGO-MMT) by the in situ reduction of graphene oxide on the surface of MMT, which was used to load organic phase change materials via vacuum impregnation method. The microstructure and morphology obtained stearic acid/ reduced graphene oxide modified montmorillonite composites (SA/RGO-MMT) were characterized, and the perfromances of thermal energy storage and release were evaluated. The role of graphene for enhancing the interfacial thermal transfer between montmorillonite and organics was investigated, and the possible mechanism of thermal transfer in the composite phase-change material was explored.
Methods

Materials
Na-montmorillonite used was provided by Zhejiang Sanding Technology Co. Ltd. (Zhejiang, China). Graphene oxide (GO) was prepared by the modified Hummers' method [32] . Sodium borohydride (NaBH 4 ) and stearic acid (SA, C 18 H 36 O 2 ) were purchased from Sinopharm Chemical Reagent Co. Ltd. All reagents were used without further purification.
Preparation
Stearic acid/ reduced graphene oxide modified montmorillonite composites (SA/RGO-MMT) were prepared by loading SA into RGO-MMT matrix, which was obtained via the in situ reduction of GO on the surface of MMT. In a typical experiment, 1.000 g of MMT was dispersed in to 100 mL of GO solution (about 1 mg/mL), and the mixed suspension was stirred for 24 h at 30 °C. Then, 2.000 g of NaBH 4 was added into the suspension under magnetic stirring for 7 h at 95 °C. The suspension was filtered and dried at 60 °C for 24 h to obtain the RGO-MMT. SA was loaded into RGO-MMT by the vacuum impregnation method. 5.000 g of SA and 1.000 g of RGO-MMT were mixed and added into a conical flask (100 mL in capacity), and the conical flask was maintained at 90 °C for 1 h with the air pressure of -0.1 MPa. The mixtures were thermally filtered at 90 °C for 24 h to remove the leaked SA, and the SA/RGO-MMT form-stable phase change material was obtained finally. 
Evaluation of the energy storage performance
The heat storage and release performances were evaluated via measuring the temperature variation during the phase change process. In the test, the sample was putted into a test tube at the ambient temperature. Then, the test tube was maintained at 80 °C. The temperature of sample was monitored by as temperature recorder (SSN-11E).
After the temperature of sample was raised to about 80 °C, the test tube was taken out and cooled naturally to the ambient temperature. The heat storage stability of sample was evaluated via comparison the properties of sample before and after 100 thermal cycling.
The thermal cycling test was carried out in a test tube, which was heated to 80 °C and cooled to the ambient temperature repeatedly.
Results And Discussion
As illustrated in Fig Fig. 2d ), RGO nanosheets cover on the surface of MMT, which ensures the uniform distribution of MMT and RGO. In the SA/MMT ( Fig. 2e) , MMT was wrapped with the continuous SA to form a block. From the SEM image of SA/RGO-MMT (Fig. 2f) , the layered structures of RGO-MMT could be observed, and SA is filled in the layered structures, which contributes to the interfacial thermal transfer between SA and the supporting materials.
The phase structures of samples were investigated by X-ray diffraction (XRD), and the XRD patterns are shown in Fig. 3 . The reflection at 1.2 nm is found in the XRD pattern of MMT, which is corresponding to (001) basal spacing of Na-montmorillonite [33] . The XRD pattern of SA exhibits two obvious reflections of stearic acid at 21. The vibrational bands and interfacial characteristics of samples were studied by Fourier transform infrared (FTIR) spectra [34] (Fig. 4 ). In the FTIR spectrum of MMT, the bands at 1022 and 471 cm − 1 are corresponding to the stretching and bending vibration of Si-O in silicon-oxygen tetrahedron. The bands at 3620 and 1637 cm − 1 are assigned to the stretching and bending vibration of hydroxyl groups, and the broad bands at 3453 cm − 1 are ascribed to stretching vibrations of H-O-H in water [35, 36] . For SA, the bands corresponding to -CH 2 and -CH 3 The energy storage capacity is one of the most critical parameters for phase change material. The phase change properties of SA, SA/MMT and SA/RGO-MMT are analyzed via the differential scanning calorimetry (DSC) method (Fig. 5) , and the corresponding phase change temperature and enthalpy are listed in Table 1 . The pristine SA has a melting enthalpy of 208 J/g with the melting temperature of 54.9 o C and a freezing enthalpy of 212 J/g with the freezing temperature of 53.0 o C, respectively. The melting and freezing enthalpies of SA/RGO-MMT are 159 and 165 J/g, which are rather higher than that of SA/MMT (59 and 52 J/g). It is because that SA/RGO-MMT has higher content of SA, which has been confirmed by XRD and FTIR analysis. Table 1 Thermal properties of SA, SA/MMT, SA/RGO-MMT before and after thermal cycling. Fig. 8c and d) , the morphology of SA/RGO-MMT appears little change with only a few agglomerations, which is favor for heat transfer. The melting and freezing enthalpies of SA/RGO-MMT have a negligible reduction after thermal cycling (Fig. 8e) , and the extent of supercooling decreases slightly. The thermal storage and release curves of SA/RGO-MMT before and after thermal cycling ( Fig. 8f) are similar, and the energy storage and release rates remain unchanged.
Therefore, SA/RGO-MMT has excellent thermal reliability after 100 thermal cycling. 
